Introduction
SERS has triggered a lot of research interest due to its suitability as an analytical tool for the ultrasensitive detection of molecules [1] [2] [3] [4] . Compared to traditional Raman scattering technology, SERS is a surface phenomenon associated with the amplification by several orders of Raman intensity for analyte molecules. The high resolution results from the combination of chemical (CM) [5] and electromagnetic enhancement (EM) [6, 7] . The CM enhancement is main factor for charge transfer between SERS substrate and probe molecule. The EM field enhancement is main factor for localized surface plasmon resonance and significantly depends on the induced near-field intensity. The size, shape, interparticle spacing of the nanoparticles or nanostructures influence the LSPR. A series of metals including Au, Cu and Ag are useful in ultra-trace biological or chemical sensing and have shown a huge amount of potential to obtain surface enhancement. Thus different nanoparticles or micro/nanostructures become a SERS sensor to detect adsorbed markers.
Generally, nanoparticles are fabricated as SERS substrates with low cost and high production by using chemical synthesis methods [8] [9] [10] [11] [12] [13] , including chemical/electrochemical deposition, electrochemical etching. For instance, Chen et al. [8] employed electrochemical etching method to fabricate nanocube structures on the Cu30Mn70 surface by controlling the voltage. In addition, Zhang et al. [10] showed that gold nanoparticles were fabricated by a gold etchant on silicon surface as SERS substrates and the optimized enhancement factor was determined to be 8.6×10 6 .
Zhong et al. [11] presented nanoparticles formed by HAuCl3 and sodium citrate 4 solutions on the polymethyl methacrylate (PMMA) template as a transparent SERS substrate. Then, the malachite green with the concentration of 0.1nmol/L was detected using the AuNPs/PMMA film SERS substrates. Zhang et al. [12] fabricated the core-shell structure of SiO2 and gold with sub-10nm shell thickness by adding HAuCl4 and reducing agent K2CO3 solutions on the SiO2 surface and found that the enhancement of SERS becomes weaker with the increase of shell thickness. However, nanoparticles fabricated by chemical synthesis method exists poor repeatability and uneven density, and the hot spot position is difficult to accurately determine.
Recently, all kinds of shapes of nanostructures were fabricated by several researchers as SERS substrates, including nanorod [14] [15] [16] , nanostar [17, 18] , nanoantennas [19] and nanospheres [20] have been successfully machined by the existing lithography-based technologies. Furthermore, nanostructures are also fabricated by combination of lithography [21] [22] [23] [24] [25] methods and dry etching or wetting etching. For example, the commercial Klarite substrate [21] [22] [23] fabricated by electron beam lithography and wetting etching consists of square-based pyramidal pits with 1μm deep on the silicon surface. Then the rhodamine solution of 10 -4 mol/L are detected by using the Klarite substrate. Candeloro et al. [24] used lithography and reactive ion etching to fabricate nanoholes with a diameter about 400nm and 50nm in depth. Subsequently, the nanoholes were transferred by peeling template method on the glass surface and the detection resolution of the R6G molecules was 10 -6 mol/L using the substrate. However, the major limitations of lithography-based method is low efficiency and unsuitablility mass production and is difficult to machine more 5 complex nanostructures.
Recently, the tip-based micro/nanomachining method [26] [27] [28] [29] [30] has been used to fabricate SERS substrates. Compared to other methods, the characteristics of this method are mainly two advantages. Firstly, the wear of the tip can be neglected during machining on the metal surface due to the low hardness of metals (copper, aluminum).
Secondly, the micro/nanomechanical machining method is ideal for the fabrication of micro/nanostructures due to it allows the control of normal force or displacement, and thus the depth of the micro/nanostructures is accurately achieved. Additionally, the micro/nanomechanical machining method is suitable to machine more complex micro/nanostructures. Therefore, the arrayed microcavities were machined by a tip-based indention method provided by us previously [31] . By changing the period of the force signal and the machining feed, the complex arrayed micro/nanocavities are formed on the Cu(110) plane. Then, Ag nanoparticles used by the method of chemical redox reaction were generated on the cavities and pile-ups of Cu(110) surface. The different structures of the silver nanoparticles and copper surface can be produced by changing the corrosion time and the R6G molecules have been chosen as adsorbed markers. Finally, the Raman intensities of malachite green molecules with low concentration are detected on the optimized hierarchical SERS substrates. Combining force modulation indentation with chemical reaction methods, the hierarchical substrates are not only included complex micro/nanostructures, but also Ag nanoparticles are generated on the Cu(110) surface. It is anticipated to discriminate pesticide residues or virus at very small quantity. 6 
Results and Discussion

Study on fabrication of hierarchical SERS substrates
The single crystal copper (110) plane was used as the sample with the dimension of 5 mm×10 mm×1 mm. The complex micro/nanostructures are fabricated with different feeds (fx, fy) by indentation method. The structured Copper surface was cleaned with a large amount of alcohol followed by acetone. Then, the concentration of 10 -1 mol/L hydrochloric solution was employed to treat the structured Cu(110) surface with 30 minutes to remove the oxide layer. The concentration of 10 -4 mol/L AgNO3 solution was employed to treat the Cu(110) surface with a specified time. The Ag nanoparticles were generated on the Cu(110) surface and surface cleaning was carried out further using deionized water to remove any residual AgNO3 reagent and copper nitrate production. A stream of nitrogen was then used to dry the hierarchical substrate, as shown in Figure 1 . Hydrogen ions play an important role in the surface modification process since 7 they can effectively etch oxide layers e.g. making Cu(110) surface exposed to Ag+ at specific areas in equations (1) and (2) . The reaction between Ag+ and Cu reacted in the cavities and Cu(110) surface and caused the formation of Ag nanoparticles.
CuO+2HCl=CuCl2+H2O
(1)
The SEM images of the arrayed triangular cavities fabricated by different feeds before and after the corrosion time of five minutes in AgNO3 solution, as shown in Figure S1 shows the SEM and EDS images of Ag/Cu substrates etched by 5 minutes in ESI †, respectively. Nanoparticles are generated on the Cu(110) plane, as shown in Figure S1 (a). The elements of hierarchical surface contain copper, silver and oxygen, as shown in Figure S1 (b). Copper is main element of substrate and Ag is formed on the Cu substrate due to redox reaction. Oxygen is generated with the Ag nanoparticles formed. The mass ratio of Ag nanoparticles is 0.66% and the atomic ratio is 0.35% for the mass ratio of total element, as shown in table S1 in ESI †. The parameters of the feeds(fx、fy) for fabricating micro/nanostructures using the method presented are shown to research the effect of Raman enhancement of R6G molecules in Table S8 in ESI †. Figure S5 shows the Raman spectrum of R6G molecules of 10 -8 mol/L for hierarchical SERS substrates with the corrosion time of 5 minutes in AgNO3 solution.
Analysis of Ag nanoparticles in the arrayed pyramid cavities
The Raman peaks of R6G molecules were indentified at 611, 772, 1183, 1312, 1362, 1504 and 1604 cm −1 on the different hierarchical substrates, as shown in Figure S5 (a). When the feed in the two directions ranges from 5-3μm, the Raman intensities do not change significantly, as shown in Figure S5 (b). However, compared to other machining parameters, the Raman intensity of R6G molecules exhibits a stronger enhancement with three hierarchical structures, including (6), (9) and (10), as shown in Figure S5 formed in the pyramid cavities and the stronger electric field is generated between the nanoparticles. Therefore, the higher Raman intensity of R6G molecules is detected on 15 the "fish scale" structure. intensity is mainly concentrated on the contact between copper surface and the silver particle and the electric field intensity is 16.734V/m. It indicates that electric field coupling occurs between the copper substrate and the Ag nanoparticle and a new "hot spot" is formed. Figure 5 shows the electric field distribution of a single/three adjacent silver particles with a radius of 100 nm on a pile-up of copper substrate. Figure 5(a) shows the electric field distribution of hierarchical structure with a pile-up of copper structure and a single silver nanoparticle. A hot spot is generated between the pile-up of copper substrate and the silver particle, and the electric field intensity is 38.899V/m.
Compared to individual silver nanoparticles on the copper surface, the electric field 18 intensity of a single silver particle contacted on the pile-up structure is increased by a factor of about three. Figure 5 
(4) Study on the Raman intensity of Malachite Green molecules for hierarchical
SERS substrates
Malachite Green commonly is used in food and biological dyes in the industry and is also one of the most commonly bactericide in fishery. However, malachite green is highly toxic for aquatic animals or mammals and can be induced cancer for the animals. Thus the MG is significantly detected with low concentration in water.
The content of malachite green can not be higher than 2μg/kg (5.48×10 -9 mol/L) for 20 many national food safety standards. Pesticide residues of food are detected by using many methods, including gas chromatography, gas chromatography-mass spectrometry and liquid chromatography. Although these methods have the advantages with high detection accuracy, the disadvantages of these methods are included complicated preprocessing and the detection with a long time. However, SERS technology is a new choice to detect pesticide residue with fast, simple and high sensitivity.
The characteristic Raman peaks of Malachite Green molecules were indentified at 1172, 1219, 1364, 1394, 1586 and 1614 cm −1 on the different hierarchical substrates, as shown in Figure 6 .
The incident optical power was 0.148 mW (1%) in the experiment. In this section, the structure of the Ag/Cu substrate obtained by etching in AgNO3 solution for 10 minutes is used to detect malachite green molecules with a concentration of 10 -7 mol/L, as shown in Figure 6 . Compared to the intensity of electric field of Ag nanoparticles on the plane substrate, the electric field intensity of Ag nanoparticles on the pile-ups of materials is higher.
The new hot spots are formed at the gap between the adjacent Ag nanoparticles and between Ag nanoparticles and the pile-ups of materials, respectively. Finally, the 23 malachite green molecules commonly used in aquatic products are detected by the proposed method. This method can meet the requirements of standard and the enhancement factor of malachite green molecules is 5.089×10 9 using the optimal indentation structures.
Experimental Section
In this experiment, an EDX instrument (Zeiss, Germany), which was employed to identify the elemental composition of substrates, was equipped to the SEM which was employed to prove that the silver had been generated on the copper surface. The micro-Raman spectroscopic system (Renishaw, inVia, UK) was equipped with a 532 nm wavelength and focused with a 50× objective lens. The incident optical power was set up to be 0.6 mW and the beam diameter was about 1 μm. The signal detector was employed a Renishaw CCD camera (1040×256). At the beginning of the tests, the Raman spectrum was rectified by a standard Si substrate, without finding specific peaks. The Raman intensity R6G probe peak and Malachite green molecules peak were chosen as 1362 cm -1 or 1614 cm -1 , which are the major Raman peak for R6G molecules and MG molecules, respectively.
